In the vortex core of slightly overdoped Bi 2 Sr 2 CaCu 2 O x , the electron-like and hole-like states have been found to exhibit spatial modulations in anti-phase with each other along the Cu-O bonding direction. Some kind of one-dimensionality has been observed in the vortex core, and it is more clearly seen in differential conductance maps at lower biases below ±9 mV.
the conductance modulations in different situations are related with one another. In this paper, we report high-resolution STS measurements of vortex cores in slightly overdoped Bi 2 Sr 2 CaCu 2 O x . Anti-phase modulation of electron-like and hole-like core states has been discovered and some kind of one-dimensionality has been found in the vortex core.
The STS measurements were carried out by using a laboratory-made scanning tunneling microscope which is able to be operated at temperatures down to 2.2 K in magnetic fields up to 17 T. A mechanically-sharpened PtIr tip was used. A single crystal sample of Bi 2 Sr 2 CaCu 2 O x was grown by the traveling solvent floating zone method. It is slightly overdoped and the critical temperature is 86 K. A clean surface was prepared by cleaving the sample at 4.2 K in a He atmosphere. We have measured a spatial distribution of the superconducting energy gap ∆ p by STS; the average value was 37.8 meV and the variance was 4.8 meV. A degree of disorder in ref. [11] was 0.126.
We have observed vortex cores at 4.2 K in 14.5 T in five regions of 50 nm × 50 nm on the cleaved surface of Bi 2 Sr 2 CaCu 2 O x by STS; a typical result is shown in Fig. 1 (a) . The data taking procedure is as follows: an STM image of 256 × 256 points is obtained by scanning the tip on the sample surface at a tunneling current I of 0.1 nA and a sample bias V of +191 mV. Simultaneously, a differential conductance dI/dV (V, r) is measured by using a lock-in amplifier with a modulation bias of 1 mV rms . Previously we reported that vortex core states are situated at ±9 meV in the energy gap. 5 By mapping dI/dV (+9 mV, r) with a color scale, the core can be imaged as shown in Fig. 1 (a) . The vortices have been clearly imaged as white regions. A periodic structure along Cu-O bonding directions has been observed in each core.
This pattern was called 'checkerboard' in ref. [6] . We would rather call this a 'tile and joint' pattern, as will be explained later. The Fourier transform is shown in Fig. 1 (b) . Three kinds of important spots are seen, as indicated by circles: the spots (± From the top, in the first to third spectra, the peak at a negative bias is more outstanding than that at a positive bias. In the next fourth to eighth spectra, a reverse situation is seen; the intensity at a positive bias is higher than the other. In the last four spectra, the situation has been reversed again. The anti-phase spatial variation of electron-like and hole-like core states has been confirmed. The ∼3/4 modulation has been found to be in-phase, because ∼3/4 peaks vanish in the Fourier transform of the dI/dV (+9 mV, r) normalized by dI/dV (−9 mV, r).
The results of the other four vortices investigated in the same manner are summarized as follows: Three vortices have exhibited the same anti-phase variation. In the other vortex where the insulating tunneling spectra have been observed around the center, the tile and joint pattern was not observed and similar dI/dV images were obtained at positive and negative biases; the core states are found to be much influenced by defects. We have concluded that the anti-phase correlation is intrinsic to a vortex core in Bi 2 Sr 2 CaCu 2 O x . In the tunneling spectra of Fig. 2 (c) , it is noticed that the peak energy of the core states fluctuates from site to site over a length scale of a few angstroms. We speculate that the peak energy might be influenced by the excess oxygen atoms found by McElroy et al. 12 In Fig. 2 (a) , the one-dimensional nature will be noticed in the tile and joint pattern of the vortex; the joints along one Cu-O direction are more clearly seen than those along the other. In order to know more clearly the situation, the same image is shown in Fig. 3 (a) with to get a precise period from the real space image, the modulation period is determined to be 4.3a 0 from the Fourier transform (Fig. 2 (a) ), indicating incommensurate variation along 3/6 the CuO(B) direction. It should be noted that different commensurability is observed in the two Cu-O bonding directions. In the other vortex investigated, the dark lines were observed along the CuO(A) direction. In the vortex core, two Cu-O bonding directions have become non-equivalent. In fact, looking at Fig. 1 (a) biases. Thus, it has been found that the vortex core state exhibits a two-fold symmetry at low energy rather than a four-fold one. The origin of these features is unknown, but the results will give valuable information to understand the conductance modulation in the vortex core.
The results at higher biases are described briefly: the tile and joint pattern became unclear at ±17 mV and it was invisible at ±20 mV. In the center region of the vortex core, only low energy states are present and the states above ±20 mV are not present.
In order to explain the electronic states of a vortex core in high temperature cuprate superconductors, many theoretical proposals have been made. The theories 13-15 based on the d x 2 −y 2 BCS superconductor have failed in explaining the experimental findings of vortex core states, especially those revealed by STM/STS experiments. When the superconductivity is weakened, similar modulated patterns were observed in a zero magnetic field. [8] [9] [10] 17 These ordered states may appear in the vortex core. Vershinin et al. found a modulation in Bi 2 Sr 2 CaCu 2 O x above T c , that is, in the pseudo-gap state. 8 The modulation is observed inside an energy gap (|E| < ∼40 meV). The energy of the vortex core states, which we have observed with spatial modulation, is restricted to |E| < ∼20 meV; at high temperatures, they are smeared out by thermal fluctuations. In order to relate the core states with a pseudo-gap state, we need more theoretical considerations, though it was proposed that the core states correspond to the pseudo-gap state at low temperatures. 
